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down in the process of being drawn into the engine. 
In the case of very high supersonic flight, this ram 
pressure ratio is extremely large, of the order of 500:1 
for a flight Mach number of 5. See Brayton cycle; 
Turbine propulsion. 

In the limiting case, the turbo-compressor is no 
longer necessary, and the engine design evolves into 
a ramjet, without any turbomachinery. Although the 
ramjet is an ideal engine for operation at these very 
high flight speeds, it is very inefficient at subsonic 
flight speeds and, indeed, it is useless for propulsion 
at the very low speeds appropriate to takeoff and 
landing. A turbofan has the opposite and complemen- 
tary characteristics: very high efficiency at low flight 
speeds, and very low efficiency in very high super- 
sonic flight. The turboramjet is configured to exploit 
the advantages of both engine types and to provide 
for efficient propulsion over the entire flight spectrum 
from takeoff to high supersonic cruise. 

Engine configuration. For operation at subsonic 
and transonic flight speeds, fuel together with an ap- 
propriate amount of an oxidizer such as liquid oxygen 
is introduced into the prebumer in the middle of the 
engine, where the mixture is burned (see illus.). The 
resultant hot high-pressure gas stream is expanded 
through a turbine that drives the fuel and oxidizer 
pumps and also powers a large fan in the front of the 
engine. The front-fan discharge air bypasses the pre- 
bumer and tubine and enters the main burner through 
a mixer, where it joins the gas stream exiting from 
the turbine. The stream of mixed gases is then accel- 
erated through a variable-area exhaust nozzle to pro- 
vide the required propulsive thrust. Thrust augmenta- 
tion may be obtained by injecting an excess of fuel in 
the preburner so that, when the fan air is mixed with 
the fuel -rich turbine exhaust, additional combustion, 
or afterburning, takes place in the main burner. See 
Afterburner. 

At very high flight speed, with air at very high ram 
pressure entering the engine, the pumping action of 
the fan is no longer necessary and the fan may be 
feathered, or otherwise -made inoperative, while per- 
mitting the ram air to pass through. Propulsion is now 
provided exclusively by the combustion of the ram air 
in the main burner with the fuel-rich gas stream from 
the preburner. 

For aircraft that are designed to proceed from high- 
speed atmospheric flight to transatmospheric flight, a 



rocket chamber may be provided in the engine where 
fuel and oxidant are burned in greater quantity than is 
possible in the preburner, and the exhaust stream may 
be discharged through the thrust nozzle without hav- 
ing to pass through the turbine. 

Application. The turboramjet was invented in the 
late 1940s. A prototype of the basic engine system 
was proof-tested in the United States in the late 
1950s. Very intensive study and some preliminary de- 
velopment is under way in the United States, Japan, 
the Soviet Union, and Europe, with the goal being a 
new generation of very high-speed transport aircraft 
that may use the turboramjet or a related engine type. 
See Aircraft engine; Aircraft propulsion. 

Fredric F. Ehrich 
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ary, 1987; B. Sweetman, Aerospace planes and trans- 
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Turbulent flow 

A fluid motion in which velocity, pressure, and other 
flow quantities fluctuate irregularly in time and space. 
Figure 1 shows a slice of a water jet emerging from 
a circular orifice into a tank of still water. A small 
amount of fluorescent dye mixed in the jet makes it 
visible when suitably illuminated by laser light, and 
tags the water entering the tank. In this and similar 
realizations of the flow, there is a small region close 
to the orifice where the dye concentration does not 
vary with position, or with time at a given position. 
This represents a steady laminar state. Generally in 
laminar motion, all variations (if they occur at all) of 
flow quantities, such as dye concentration, fluid ve- 
locity, and pressure, are smooth and gradual in time 
and space. Farther downstream, the jet undergoes a 
transition to a new state in which the eddy patterns 
are complex, and flow quantities (including vorticity) 
fluctuate randomly in time and three-dimensional 
space. This is the turbulent state. See Jet flow; Lami- 
nar flow. ■ 

Turbulence occurs nearly everywhere in nature [in 
the Earth's boundary layer (extending to more than a 
few hundred meters upward from the ground), the jet 
stream, cumulus clouds, rivers and oceans, the stellar 
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atmosphere, interstellar gas clouds, and so forth] and 
in technology (in flow over airplanes, flow over tur- 
bine blades, flow of natural gas and oil in pipelines, 
combustion systems, and so forth). Two important 
characteristics of turbulence are the efficient disper- 
sion and mixing of vorticity, heat, and contaminants. 
In flows over solid bodies such as airplane wings or 
turbine blades, or in confined flows through ducts and 
pipelines, turbulence is responsible for increased drag 
and heat transfer. Turbulence is therefore a subject of 
great engineering interest. On the other hand, as an 
example of collective interaction of many coupled de- 
grees of freedom, it is also a subject at the forefront 
of classical physics. See Clear air turbulence (CAT); 
Degree of freedom (mechanics); Diffusion; Heat 
transfer; Pipe flow; Pipeline. 

Figure 1 demonstrates the principal issues associ- 
ated with turbulent flows. The first is the mechanism 
(or mechanisms) responsible for transition from the 
steady laminar state to the turbulent state even 
though, for both states, the governing equations (the 
Navier- Stokes equations) are the same, and the same 
smooth and symmetric boundary conditions are im- 
posed on the flow everywhere. A second issue con- 
cerns the description of fully developed turbulence 
typified by the complex state far downstream of the 
orifice. To understand and describe the essential fea- 
tures of these spatial patterns, their interactions and 
temporal evolution, and to develop on this basis a ra- 
tional theory capable of predicting flow features, is at 
the heart of turbulence theories. Finally, it is of tech- 
nological importance to be able to alter the flow be- 



havior to suit particular needs: Delaying transition to 
turbulence, or promoting it, or affecting the spread 
rate of the jet, or decreasing the drag of an airplane 
wing, or relaminarizing a turbulent flow some dis- 
tance downstream of where it has become turbulent 
are some examples. Together, these three aspects — 
the origin of turbulence, the dynamics of fully devel- 
oped turbulence, and the control of turbulent flows — 
constitute the turbulence problem. The problem as- 
sumes richer complexion when effects such as buoy- 
ancy, compressibility, electromagnetic conductivity, 
and chemical reactions are included. In spite of sus- 
tained efforts, turbulence has remained unsolved. 
Less is known about eddy motions on the scale of 
centimeters and millimeters than about atomic struc- 
ture on the subnanometer scale, reflecting the com- 
plexity of the turbulence problem. See Navier-Stokes 
Equations. 

Origin Of turbulence. A central role in determining 
the state of fluid motion is played by the Reynolds 
number. In general, a given flow undergoes a succes- 
sion of instabilities with increasing Reynolds number 
and, at some point, turbulence appears more or less 
abruptly. It has long been thought that the origin of 
turbulence can be understood by sequentially exam- 
ining the instabilities. This sequence depends on the 
particular flow and, in many circumstances, is sensi- 
tive to a number of details even if the gross features 
in a given flow are nominally fixed. The program of 
precisely identifying the various instabilities culmi- 
nating in fully developed turbulence has not been car- 
ried out for any flow, but a careful analysis of the 




Fig. 1. Two-dlmenskmal linage of an axlsymmetric water Jet, obtained by the laser-Induced fluorescence technique. A 
neodymlum^ttrium-alumlnum-garnet laser beam, shaped Into a sheet of 250-mlcrometer thickness by using suitable 
lenses, was directed Into a water tank Into which the Jet fluid, containing small amounts of uniformly dispersed 
fluorescing dye {sodium fluorescein), was emerging. The laser had a power density of 2 x 10 7 J/s per pulse and a pulse 
duration of about 10 nanoseconds. The flow Is thus frozen to a good approximation. The region Imaged extends from 2 
diameters downstream of the orifice to about 18 diameters. The Reynolds number based on the orifice diameter, the 
velocity at the ortfice, and the viscosity of water Is about 2000. (From fl. R. Prasad and K. R. Sreenfrasan, M—sunmttt 
and Interpretation of fractal dimension of the scalar /nterface In turbulent flows, Phyt. Fluids A, 2.7S2-8Q7, 1990) 
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perturbed equations of motion has resulted in a good 
understanding of the first two instabilities (primary 
and secondary) in a variety of circumstances. SeeRey 

HOLDS NUMBER 

Since the onset of turbulence resembles the onset 
of complexity in nonlinear systems in general, the 
universality theories describing the onset of chaos 
have been thought to bear on the transition to turbu- 
lence in fluid flows. The spirit of universality is that, 
no matter what equations govern a low-dimensional 
system, its behavior in the vicinity of bifurcations de- 
pends on certain generic features in phase space. This 
issue is an active area of research, and the experience 
so far has been that the onset of chaos in special types 
of flows under special circumstances follows these 
theories, at least to a very good approximation, but 
the relation between chaos (or temporal stochasticity) 
and fluid turbulence (which possesses temporal as 
well as spatial randomness, and large- scale order un- 
derlying the latter) remains unclear. See Chaos. 

Fully developed turbulence. Some of the principal 

difficulties in fully developed turbulence are the fol- 
lowing: (1) The equations of motion are nonlinear, 
possess no general solutions, and permit few state- 
ments of general validity to be made; there is no small 
parameter in the problem on the basis of which ap- 
proximate solutions can be deduced rationally. 
(2) There is no well-understood working model of 
turbulence that replicates its essential properties. (3) 
Turbulent velocity fluctuations at small scales are 
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Rg. 2. Typical signals of c , a component of the turbulent energy dissipation, normalized 
by Its mean value <«'). (a) Signal obtained In a laboratory turbulent boundary layer at • 
moderate Reynolds number (defined suitably), (b) Signal obtained In the atmospheric 
surface layer at a high Reynolds number. (After C. Meneveau and K. R. Smentwstn, 
Slmpto muHMnctmt cascade mode/ for hifty developed turbulence, Pnys. Rev. Left, 59: 
1424-1427, 1987) 



strongly nongaussian, this being an essential feature. 
(4) The number of degrees of freedom is very large. 
See Distribution (probability). 

An estimate of the number of degrees of freedom 
is given by the quantity (ZVt|) 3 , where L is the char- 
acteristic size of the large eddy in the flow (or an 
upper bound for the eddy scale excited either by in- 
herent instability or forced by an outside agency), and 
Tj is the smallest scale below which all eddy motions 
are damped by viscosity. This number increases with 
the flow Reynolds number according to its 9/4 power. 
Three-quarters of the way downstream from the ori- 
fice in Fig. 1, the ratio Ur\ is of the order of 100. 
Although such flows can now be computed directly, 
the prospect at high Reynolds numbers remains dis- 
couraging — for the atmosphere, L is of the order of a 
few kilometers whereas is of the order of a milli- 
meter — even though computational capabilities have 
continued to increase rapidly and parallel processing 
has been much considered as a tool for expanding the 
scope of computation. See Concurrent processing; 
Supercomputer . 

Quite often in engineering, the detailed motion is 
not of interest, but only the long-time averages or 
means, such as the mean velocity in a boundary layer, 
the mean drag of an airplane or pressure loss in a 
pipeline, or the mean spread -rate of a jet. It is there- 
fore desirable to rewrite the Navier-Stokes equations 
for the mean motion. The basis for doing this is the 
Reynolds decomposition, which splits the overall mo- 
tion into the time mean and fluctuations about the 
mean. These macroscopic fluctuations transport mass, 
momentum, and matter (in fact, by orders of magni- 
tude more efficiently than molecular motion), and 
their overall effect is thus perceived to be in the form 
of additional transport or stress. This physical effect 
manifests itself as an additional stress (called the Rey- 
nolds stress) when the Navier-Stokes equations are re- 
written for the mean motion (the Reynolds equations). 
The problem then is one of prescribing the Reynolds 
stress, Which contains the unknown fluctuations in 
quadratic form. A property of turbulence is that the 
Reynolds stress terms are comparable to the other 
terms in the Reynolds equation, even when fluctua- 
tions are a small part of the overall motion. An equa- 
tion for the Reynolds stress itself can be obtained by 
suitably manipulating the Navier-Stokes equations, 
but this contains third-order terms involving fluctua- 
tions, and an equation for third-order terms involves 
fourth-order quantities, and so forth. Thus, at any 
stage of the process, which can be continued indefi- 
nitely, there are more unknowns than equations; that 
is, the system of equations is not closed. This is the 
closure problem in turbulence. The Navier-Stokes 
equations are themselves closed, but the presence of 
nonlinearity and the process of averaging result in 
nonclosure. 

Given this situation, much of the progress in the 
field has been due to (1) exploratory experiments and 
numerical simulations of the Navier-Stokes equations 
at low Reynolds numbers; and (2) plausible hy- 
potheses in conjunction with dimensional reasoning, 
scaling arguments, and their experimental verifica- 
tion. 

Experiments, for long the central tool of research 
in turbulence, are limited to measuring a small num- 
ber of parameters at a few positions in high-Reynolds- 
number flows. Low- Reynolds-number flows (at least 
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some of their features) can be quantitatively mapped 
in three dimensions by using lasers and advanced op- 
tical techniques; this Reynolds number range is also 
the one for which numerical simulations are currently 
possible. From a combination of such studies, it has 
been learned, among other things, that the magnitude 
of the dissipation rate of turbulent kinetic energy is 
independent of viscosity (even though viscosity is es- 
sential for dissipation); that the boundary between the 
turbulent and nonturbulent regions in high-Reynolds- 
number free shear flows such as jets is sharp and frac- 
tallike; that the dissipation of energy is highly inter- 
mittent in space; that some events that appear to be 
dynamically significant are also intermittent and per- 
haps quasicyclic; and that, when the flow scales are 
suitably coarse-grained, some degree of spatial order 
on scales of order L is visible even at very high Rey- 
nolds numbers, especially if the flow development in 
time is observed. The true significance of each of 
these features in accomplishing transport is still under 
active research. See Fractals; Viscosm. 

The intermittency in space of the turbulent energy 
dissipation is shown at moderate (Fig. 2a) and high 
(Fig. 2b) Reynolds numbers. The signal becomes less 
space-filling or more intermittent as the Reynolds 
number increases. In particular, the big spikes in Fig. 
2b are many times larger than the corresponding ones 
in Fig. 2a. This intermittency, representing the fact 
that there is a limit to the mixing at small scales, is 
believed to be an important feature of turbulence. It 
is not entirely clear how this feature arises dynami- 
cally, but it can be modeled well by a simple multi- 
plicative process. 

A classic and celebrated hypothesis is the concept 
of local isotropy, which assumes that small scales of 
motion are isotropic irrespective of the gross orienta- 
tion of the mean flow, and thus possess some univer- 
sality. A second notion is the matchability between 
behaviors of highly disparate scale ranges so that a 
functional form for average quantities of interest can 
be determined for the intermediate scale range. For 
example, in the turbulent boundary layer over a flat 
wall, this type of argument leads to a logarithmic 
variation of mean velocity with height for heights 
large compared to the viscous scale and small com- 
pared to the overall thickness of the boundary layer. 
Similarly, intermediate scales that are large compared 
to t\ but small compared to L (the so-called inertia) 
range) are expected to possess self-similarity, leading 
to power-law variations for the spectral densities of 
energy, dissipation, variance of concentration fluctua- 
tions, and so forth. These predictions have received 
experimental support, and, in fact, they seem to be 
realized under conditions where they are not neces- 
sarily expected to be valid, based on first principles. 
This raises the possibility that the basic theoretical ar- 
guments of this type (which, incidentally, do not 
make much use of the Navier-Stokes equations) have 
a much wider range of validity. It should be empha- 
sized that these arguments predict an absolute number 
in the inertial range, but not elsewhere. See Bound 

ARY-LAYER FLOW, 

Certain specific questions of engineering interest 
can be answered quickly by modeling the Reynolds 
stress in a variety of ways and closing the Reynolds 
equations. The earliest model, based on analogies 
with molecular motion, postulated that the physical 
motion of eddies over well -defined distances accom- 



plishes transport. The resulting eddy viscosity — es- 
sentially the product of a characteristic velocity scale 
and a length scale of turbulent motion — is the analog 
of molecular viscosity. Even though there are circum- 
stances where the eddy-viscosity approach works 
roughly, the concept has many drawbacks and is not 
very useful as a general idea; in any case, the eddy 
viscosity varies from flow to flow and from point to 
point in a given flow. In the next level of models, 
separate equations are written for the length and ve- 
locity scales making up eddy viscosity, but there are 
several unknown coefficients that have to be deter- 
mined empirically. There are more complex models, 
all of which resort to empiricism of dubious quality 
at some level. In spite of this drawback, they are 
quite useful once the limits of their validity have been 
established. At present, they represent a practical way 
of computing high-Reynolds-number flows of tech- 
nological interest. Another fruitful approach is the 
large-eddy simulation, which models the small-scale 
motion but simulates large eddies on the computer. 

Control Of turbulent HOWS. Unlike several other is- 
sues in turbulence, questions concerning flow control 
can be posed in specific terms. However, because of 
this specificity, a broad-brush approach to the control 
problem encompassing all circumstances is unlikely 
to succeed. Some typical objectives are the reduction 
of drag of an object such as an airplane wing, the 
suppression of combustion instabilities, and the 
suppression of vortex shedding behind bluff bodies. 
A surge of interest in flow control is due in part to 
the discovery that some turbulent flows possess a cer- 
tain degree of spatial coherence at the large scale. An 
example of successful control, based on an unrelated 
idea, is the reduction of the skin friction on a flat 
plate by making small longitudinal grooves, the so- 
called riblets, on the plate surface, imitating shark 
skin. 

Prospects. Progress in the turbulence problem de- 
pends on the capability to make accurate measure- 
ments in high-Reynolds-number flows, the increase in 
computer power, the invention of new tools for han- 
dling large streams of stochastic data, and a judicious 
combination of all of them. Unfortunately, simply 
computing or making measurements in a highly non- 
linear system such as turbulent flow does not always 
add to understanding. Although several new analyti- 
cal tools, graphical display capabilities, data 
compression, and data-handling techniques are being 
explored, it is difficult to predict what true progress 
is likely to occur through the 1990s. It is clear, how- 
ever, that turbulence will spur important activity in a 
number of disciplines at the forefront of science and 
technology; conversely, it will benefit from them. In 
the long run, perhaps, all these tools can enhance the 
qualitative understanding of turbulence; to obtain 
quantitative data in a specific context, reliance may 
always have to be placed on experiment, as well as 
modeling and computation that use this qualitative 
knowledge in a sensible way. This would resemble to 
some extent the situation in quantum chemistry. See 
Fluid flow; Fluid-flow principles. 

K. R Sreenivasan 
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Turmeric 

A dye or a spice obtained from the plant Curcuma 
longa, which belongs to the ginger family (Zingiber- 
aceae). It is a stout perennial with short stem, tufted 
leaves, and short, thick rhizomes which contain the 
colorful condiment. As a natural dye, turmeric is 
orange-red or reddish brown, but it changes color in 
the presence of acids or bases. As a spice, turmeric 
has a decidedly musky odor and a pungent, bitter 
taste. It is an important item in curry and is used to 
flavor and color butter, cheese, pickles, and other 
food. See Spice and flavoring; Zingiberales . 

Perry D. Strausbaugh/Earl L. Core 



Turn and bank indicator 

A device used to advise the pilot of the rate at which 
the aircraft is turning, and that the wings are properly 
banked to preclude slipping or sliding of the aircraft 
as it continues in flight. The turn section uses a rate 
gyroscope as the sensor. This device has a rotor elec- 
trically or vacuum driven at high speed with its spin 
axis horizontal and at 90° to the fore and aft axis of 
the aircraft. This rotor is supported in a gimbal or 
frame that can rotate through a limited angle on one 
axis parallel to the longitudinal axis of the aircraft. 
The gimbal is spring-centered between stops so that it 
may rotate equally clockwise or counterclockwise, 
proportional to the rate of turn. A simple pin-and- 
lever system causes a vertical pointer to move left or 
right, proportional to the turn rate. 

Since a gyroscope has a fast response rate, to elim- 
inate jitter of the needle a means of damping is usu- 
ally included to smooth the indicator performance. 
Because of the importance of this device in poor 
weather, the indicator is driven by the emergency or 
primary power source, thus assuring operation in the 
event of power failure. 

The bank portion of the device is a simple liquid 
level that indicates the degree off the aircraft vertical 
that the combined force due to gravity and flight is 
acting. If the ball is off center in a turn, it indicates 
that the aircraft bank angle is incorrect and the wing 
on the side that the ball is toward should be raised to 
execute a coordinated turn. See Aircraft instrumenta- 
t>on; Gyroscope. 

James W. Angus 



Turnbuckle 

A device for tightening a fed or wire rope. Its parts 
are a sleeve with a screwed connection at one end and 
a swivel at the other or, more commonly, a sleeve 
with screwed connections of opposite hands (left and 
right) at each end so that by turning the sleeve, the 
connected parts will be drawn together, taking up 



slack and producing necessary tension (see illus.). 
Types of ends available are hook, eye, and clevis. 
The turnbuckle can be connected at any convenient 
place in the rod or rope, and several may be used in 
series if required. See Rope; Screw threads. 

Paul H. Black 



Turning (woodworking) 

The shaping of wood by rotating it in a lathe and 
cutting it with a chisel. The lathe consists essentially 
of a bed on which are mounted a Deadstock, a tail- 
stock, and a tool rest (see illus.). The headstock is 
rotated by a motor and holds one end of the wood to 
be turned. The tail stock holds the other end of the 
wood, allowing it to rotate freely. The tool rest pro- 
vides a fixed guide along which the operator can han- 
dle the chisels if the turning is by hand, or along 
which the tool is driven if the turning is mechanized. 
See Lathe. 




Wood-turning lathe and detail of headstock. (Delta) 



Variously shaped chisels are used, all with longer 
handles than the woodworking chisels intended to be 
driven by mallet, and thus providing a firmer grip. A 
gouge is used for roughing cuts, for example, in turn- 
ing the work as it comes from the sawmill to a nearly 
cylindrical shape. A skew chisel with a straight cut- 
ting edge is used in finishing. A parting chisel with a 
tapered shank is used in separating the finished work 
from the stock. See Woodworking. 

Alan H. Tuttfe 
Bibliography. S. Hogbin, Wood Turning, 1980. 



Turnip 

The plant Brassica rapa, or B. campestris var. rapa, 
a cool -season, hardy crucifer of Asiatic origin belong- 
ing to the order Capparales which is grown for its 
enlarged root and its foliage, which are eaten cooked 
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